Abstract. We quanti ed sexual dimorphism and allometric changes in the lung morpholog y of 160 juvenile and adult specimens of prairie rattlesnake, Crotalus viridis viridis, from a single population. In virtually all lung components , those of males are located more posteriorly than are those of females of the same body size. Males display a longer vascular component than females but there is no sexual dimorphism in size of the avascular component . Thus, males generally have longer lungs than do females at all body sizes. With increasing body size, the lung component s are found more anteriorly, relative length of the vascular lung decreases, and relative length of the avascular lung increases in both sexes. However, total lung length increases isometrically with body size. These sexual and allometric differences suggest that intraspeci c variation should be taken into account when lung size characters are used in snake systematic studies.
Introduction
Sexual dimorphism in snakes generally is not extreme; however, sexual differences in body size, shape and squamation, coloration, and ecology are evident in most snake lineages, and it is these subjects which have received virtually all of the research attention (Shine, 1993) . Comparatively few studies have investigated sexual dimorphism in the position of internal organs (Wallach, 1991; Keogh, 1993; Wong, 1994) . The most important early contributions are the many works of Bergman (e.g., 1949 Bergman (e.g., , 1962 reviewed in Wallach, 1998) , who studied basic anatomy and addressed sexual dimorphism in organ position in various Asian snake species. Rossman et al. (1982) studied the non-pulmonar y comparative visceral topography of a large series of the North American tribe Thamnophiini, and Benton (1980) addressed sexual dimorphism in organ position in Thamnophis sirtalis. Thorpe (1975 Thorpe ( , 1979 Thorpe ( , 1989 studied sexual dimorphism in visceral morphology of the European grass snake Natrix natrix. More recently, sexual dimorphism in visceral morphology has been examined in the African Aparallactinae and Atractaspidinae (Wallach, 1991) and the Typhlopidae (Wong, 1994) . These studies outline a general trend that the visceral organs of male snakes are placed more caudally than those of females. Although each of these studies contributed important data on interspeci c and intraspeci c variation in the position of visceral organs, most had small sample sizes for individual species or populations and none has considered allometry in organ position within a single population. Only Thorpe considered how the position of visceral organs can vary geographically in snakes.
We were interested in two main questions, (1) to what extent is sexual dimorphism in organ position present in a single population where the confounding effects of geographic variation is not an issue, and (2) does the study population also display allometry in organ position, and if so are the patterns the same in males and females? We chose to examine lung morphology in the ecologically and behaviorally well known prairie rattlesnake, Crotalus viridis viridis. Lung morphology was targeted in particular because this is the best studied of the snake visceral systems, there may be functional morphological implications of dimorphism or allometry, and lung morphology also is used as a source of important systematic characters in snakes. While there have been studies of sexual dimorphism in several crotaline snakes (Klauber, 1956; Clark, 1967; Gibbons, 1972) , there have been no studies of intraspeci c variation in the internal anatomy of any crotaline species. This research represents the rst large scale study of sexual dimorphism and allometry in the lung morphology of any species of snake.
Materials and methods

Lung morphology
All snakes possess a right lung; the left lung is smaller, vestigial, or absent (Cope, 1894). As the gross morphology and ultrastructure of the respiratory system of C. viridis has been described in detail (Kardong, 1972; Luchtel and Kardong, 1983) , we provide only a general outline of the lung structures pertinent to our study ( g. 1). The respiratory system of viperid snakes is composed of the trachea, tracheal lung, right lung and occasionally a bronchus and vestigial left lung (C. v. viridis does not possess a left lung). The trachea typically extends into the right lung where it continues as an intrapulmonary bronchus. The tracheal lung is a weakly vascularized membrane supported between the incomplete semicircular cartilaginous rings of the trachea. The right lung typically has a distinct cranial vascular portion and a caudal avascular or saccular portion. The division between the vascular and avascular areas of the right lung is distinct. The vascular region possesses parenchyma described as faveolar, edicular or trabecular (Duncker, 1978; Perry, 1983) , and is divided accordingly into the cranial dense vascular portion (DVP or faveolar) and the caudal sparse vascular portion (SVP or edicular/trabecular) regions ( g. 1). The change from faveoli to trabeculae or ediculae occurs over an area of less than 10 mm lung length. 
Specimens
A total of 160 specimens of C. v. viridis were selected from Laurence Klauber's large "Platteville series" collected from Platteville County, Colorado (see material examined). Body size dimorphism was previously studied in the population selected: out of 858 specimens (459 males, 399 females) maximum adult length was 863 mm for females and 1015 mm for males (Klauber, 1956) . The mean length of males from this population is 776 mm (n = 224 specimens), 5.3% larger than the average female size of 737 mm (n = 170 specimens) (Klauber, 1956) . Most species within Crotalus exhibit sexual size dimorphism, with males reaching larger body sizes than do females (Klauber, 1956 ). Specimens were selected that could be divided easily into sex and size classes, to facilitate statistical analyses. They reach sexual maturity at approximately 530 mm snout-vent length (SVL) depending on locality (Aldridge, 1979; Macartney and Gregory, 1988; Macartney et al., 1990 ). For our analyses, an arbitrary cut-off point of 375 mm was used. Specimens 375 mm or longer were classi ed as "large" and included both sub-adults and adults; snakes less than 375 mm in length were classi ed as "small" and were immature. A total of 40 specimens were examined from each of the following four size-sex classes: small male, small female, large male, and large female. Sex was determined by examining relative tail length and presence or absence of hemipenes.
Dissection techniques
Specimens were prepared for dissection following the techniques of Wallach (1985 Wallach ( , 1991 . First, a single ventrolateral incision from the cloacal region to the gular area of the neck was made with a pair of scissors. Then the head was secured to a dissection board with pins placed on either side of the head posterior to the jaw articulation (pins were not placed through the head). The body was then stretched as straight as possible, followed by securely pinning the tail to the board with the specimens laid ventral side up. After exposing the pleuro-peritoneal cavity of the specimen, the posterior tip of the thin and often translucent right lung was located. If it was not apparent upon rst inspection, the posterior tip was located by inserting a small pipette into the lung and gently in ating. An incision then was made on the ventral surface of the lung to expose the vascular and avascular components.
Measurements were recorded on the most anterior points of the dense vascular portion (DVP), sparse vascular portion (SVP), and the avascular (saccular) portion (AVP) ( g. 1). We use the term "point measurement" to refer to speci c reference points on which measurements were recorded and they represent the proportional distance from the snout. In C. v. viridis the transition zone between the DVP and the SVP was taken to be the point where the DVP walls decreased in size and thickness based on visual inspection. The beginning of each lung region and the caudal end of the right lung were recorded as the distance in mm from the snout. From these data we also calculated the midpoint for each lung region, yielding a total of seven point variables. We also derived the following length variables from our data: vascular (DVP + SVP), avascular, and total length of the lung as proportions of snout-vent length, and total vascular length (DVP + SVP) as a proportion of total lung length.
Statistical analyses
Data were log-transformed to satisfy the assumptions of normality and homogeneity of variances for the statistical procedures we employed. We rst tested for the presence of ontogenetic variation in lung morphology in each sex. Because there is no overlap in body lengths between our "small" and "large" size classes, the assumptions of analysis of covariance (ANCOVA) could not be met. Therefore, the most appropriate way to test for the presence of ontogenetic variation was to express each midpoint measurement as a proportion of snout-vent length and use one-way analysis of variance (ANOVA) to compare the mean ratio values. While there are theoretical problems associated with the use of ratios in statistical analyses, they are often the only meaningful way to investigate biological data (Sokal and Rohlf, 1973) . Atchley et al. (1976) found that there were minimal problems when univariate statistics were performed on ratio variables. To test for the presence of sexual dimorphism within size classes we performed one-factor ANCOVA's on the log transformed data with snout-vent length as the covariate and sex as the factor. ANCOVA's were preceded by Homogeneity of Slopes tests.
Results and discussion
Sexual dimorphism
Homogeneity of Slopes tests showed that all slopes within each analysis were not signicantly different (P > 0.05). Analysis of covariance revealed that point measurements are signi cantly more caudad in males than in females at the same body size in all variables except the location of the most anterior extremity of the respiratory system (table 1; see g. 2a for an example). These sexual differences were evident in both small and large snakes. Thus, vascularity begins in the same location in both sexes; however, the position of demarcation lines between lung components lies farther down the body in males, trans- 0.044 *= P < 0.05, **= P < 0.01, ***= P < 0.001, ****= P < 0.0001. lating into greater total lung length in males at all body sizes. The vascular component as a proportion of total lung length is similar in both sexes; however, in absolute terms males have a longer vascular lung at all body sizes ( g. 2b), while there is no difference in avascular lung length between the sexes in either size class. Thus males have longer lungs than females throughout ontogeny due to the longer vascular component. Sexual dimorphism is summarized in g. 3a.
The direction of sexual dimorphism in lung morphology is consistent with the few other studies in which it has been examined. Bergman's many studies (e.g., Bergman, 1949 Bergman, , 1962 on the lungs of 22 species of Asian snakes show that the posterior tip of the right lung is more caudad in males than in females in all but one (reviewed in Wallach, 1998) . The right lungs of male garter snakes (Thamnophis sirtalis) are signi cantly longer and end more posteriorly than those of females (Parsons and Djatschenko, 1983) . However, Collins and Carpenter (1970) found that the tracheal lung length plus right lung length was longer in female copperheads (Agkistrodon piscivorus) and Thorpe (1989) found no sexual dimorphism in the posterior tip of the right lung in grass snakes (Natrix natrix). Wallach (1991) and Wong (1994) studied sexual dimorphism in some of the same lung variables that we have investigated (i.e., avascular portion posterior tip, avascular length, and total lung length). Though sample sizes were small, they found similar trends in sexual dimorphism in lung morphology in most of the 48 species of African Aparallactinae and Atractaspidinae (Wallach, 1991) and two of the three species of Typhlopidae (Wong, 1994) studied. The position of the heart also showed signi cant sexual dimorphism. The posterior tip of the ventricle lies more caudally in males than in females of the same body length. This nding is consistent with other studies on heart position in snakes (Collins and Carpenter, 1970; Rossman et al., 1982; Thorpe, 1989) .
Allometry
Both males and females display signi cant allometric changes in all point variables with increasing body length, except for the AVP posterior tip in males (table 1) . With increasing body length, lung components are found more anteriorly. The relative lengths of lung components also display an interesting shift through ontogeny. In both sexes the proportion of vascular length relative to SVL decreases with increasing size ( g. 2b), while the proportion of avascular length relative to SVL increases. However, total lung length as a proportion of SVL shows no allometry in females and only weak variation in males. Thus, total lung length increases isometrically with SVL, but the proportion of vascular lung decreases as the snakes grow. Even though males have a larger vascular component than females in both small and large snakes, vascularity decreases at the same rate (same slope) in both sexes. Allometric shifts are summarized in g. 3b.
This anterior allometric shift is dif cult to explain, but may be due to varying rates of growth in different regions of the body as has been described by Thorpe (1975 Thorpe ( , 1979 Thorpe ( , 1989 in Natrix natrix (it is worth noting that though Thorpe (1975) found that the measured positions of internal organs varied allometrically, their segmental positions, in ventral scale units, did not). However, this does explain why the relative length of the vascular area gradually shrinks. Pough (1977a, b, c) found an unusual pattern in the blood physiology of garter snakes, Thamnophi s sirtalis which offers one possible explanation. At birth, garter snake blood has high oxygen af nity, low hematocrit, and a high proportion of inactive hemoglobin, but larger snakes show a decrease in oxygen af nity, an increase in hematocrit, and a decrease in inactive hemoglobin with increasing size. Pough (1977b Pough ( , 1980 hypothesized that the unusual shift in blood oxygen af nity through ontogeny may be attributable to the unique respiratory system of snakes. Breathing is relatively complex in snakes because they have no diaphragm, so ventilation of the lung occurs by contractions of intercostal muscles, moving the ribs in and out and the pressing of the liver into the lung (Rosenberg, 1973) . Pough (1977c) found that the larger muscle mass of adult Thamnophis sirtalis facilitated better ventilation than in smaller snakes thus suggesting a possible explanation for the high blood oxygen af nity in juveniles. Adults are able to pass more oxygenated air over the vascular portion of the lung and therefore may not need the extra faveoli.
The highly unusual lung morphology of snakes and the data we present here suggest that the pursuit of answers which might explain why such allometric and sexual dimorphism patterns are displayed in the lungs of lungs are fruitful areas of further research. The data further suggest that intraspeci c variation should be considered when characters derived from lung size are used in snake systematic studies.
